Brassinosteroids (BRs) are plant polyhydroxy-steroids that play important roles in plant growth and development via extensive signal integration through direct interactions between regulatory components of different signaling pathways. Recent studies have shown that diverse helix-loophelix/basic helix-loop-helix (HLH/bHLH) family proteins are actively involved in control of BR signaling pathways and interact with other signaling pathways. In this study, we show that ATBS1-INTERACTING FACTOR 2 (AIF2), a nuclear-localized atypical bHLH transcription factor, specifically interacts with BRASSINOSTEROID-INSENSITIVE 2 (BIN2) among other BR signaling molecules. Overexpression of AIF2 down-regulated transcript expression of growth-promoting genes, thus resulting in retardation of growth. AIF2 renders plants hyposensitive to BR-induced root growth inhibition, but shows little effects on BR-promoted hypocotyl elongation. Notably, AIF2 was dephosphorylated by BR, and the dephosphorylated AIF2 was subject to proteasome-mediated degradation. AIF2 degradation was greatly induced by BR and ABA, but relatively slightly by other hormones such as auxin, gibberellin, cytokinin and ethylene. Moreover, AIF2 transcription was significantly suppressed by a BRI1/BZR1-mediated BR signaling pathway through a direct binding of BRASSINAZOLE RESISTANT 1 (BZR1) to the BR response element (BRRE) region of the AIF2 promoter. In conclusion, our study suggests that BIN2-driven AIF2 phosphorylation could augment the BIN2/AIF2-mediated negative circuit of BR signaling pathways, and the BR-induced transcriptional repression and protein degradation negatively regulate AIF2 transcription factor, reinforcing the BZR1/BES1-mediated positive BR signaling pathway.
Introduction
Brassinosteroids (BRs) are plant polyhydroxy-steroids that play crucial roles in plant growth and development via extensive signal integration through direct interactions between components of different signaling pathways. In particular, a circuit of interacting transcription regulators integrates these signaling pathways to enable co-ordinated and coherent regulation (Wang et al. 2014, Belkhadir and Jaillais 2015) .
Upon binding of BR to its receptor, BRASSINOSTEROID INSENSITIVE 1 (BRI1), it forms a heterodimeric complex with BAK1-ASSOCIATED RECEPTOR KINASE 1/SOMATIC EMBRYOGENESIS RECEPTOR KINASE 3 (BAK1/SERK3) (Bücherl et al. 2013 ) and the fully activated BRI1-BAK1 complex then initiates a signaling cascade relaying the surface signal to the nucleus where it activates the positively acting transcription factors brassinazole resistant 1 (BZR1) and BZR2/BES1(BRI1 EMS SUPPRESSOR 2) to regulate expression of a wide range of genes and plant growth and development (He et al. 2005 , Sun et al. 2010 , Yu et al. 2011 ). BZR1 and BES1 have atypical basic helix-loop-helix (bHLH) DNA-binding domains that can bind to BR response elements (BRREs; CGTGT/CG) and/or an E-box (CANNTG) (He et al. 2005 , Yin et al. 2005 . Recently, many reports have shown that BRs exert diverse functions in plant growth and development by recruiting other BZR1-and BES1-binding transcriptional regulators and histone-modifying enzymes to relay their transcriptional effects on other developmental networks, including that of light and of other hormones (Belkhadir and Jaillais 2015) .
In the absence of BRs, GSK3/SHAGGY-LIKE BRASSINOSTEROID-INSENSITIVE2 (ATSK21/BIN2), a well-characterized negative regulator of the BR signaling pathway, phosphorylates the positively regulating transcription factors, BZR1 and BZR2/BES1, and the phosphorylated BZR1/BZR2 are subjected to protein degradation (He et al. 2002) or cytoplasmic export by binding to 14-3-3 proteins (Gampala et al. 2007 ). In contrast, serine/threonine PROTEIN PHOSPHATASE 2A (PP2A) dephosphorylates BZR1 and abolishes BZR1 binding to 14-3-3 proteins to activate BR-responsive gene expression and plant growth (Tang et al. 2011) . The BR-activated BRI1/BAK1 signaling initiation complex induces phosphorylation of S234 to activate CONSTITUTIVE DIFFERENTIAL GROWTH 1 (CDG1) kinase, and the CDG1 in turn phosphorylates S764 to activate BRI1 suppressor1 (BSU1) phosphatase, which inactivates BIN2 by dephosphorylating a conserved phosphor-tyrosine residue (pTyr200) of BIN2 (Kim et al. 2011 ). In addition, phosphorylation of BR-SIGNALING KINASE1 (BSK1) by the activated BRI1 promotes BSK1 binding to BSU1, and the BSU1 inactivates the GSK3-like kinase BIN2 by dephosphorylating the same pTyr200 (Kim et al. 2009 ). BIN2 degradation and depletion is specifically induced by BRI1/BAK1-mediated BR signaling, while treatment with a proteasome inhibitor, MG132, not only prevented the BR-induced BIN2 degradation but also nullified the inhibitory effect of BR on the BIN2 kinase activity (Peng et al. 2008) .
The Arabidopsis thaliana genome carries a total of 162 bHLH and 339 MYB transcription factor genes. Members of the MYB and bHLH families interact with each other and also with a number of other regulatory proteins, forming complexes that either activate or repress the expression of sets of target genes that are responding to diverse hormonal and developmental signals (Feller et al. 2011) . The bHLH domain is highly conserved and comprises approximately 60 amino acids with two functionally distinct regions, the basic region and the HLH region. The basic region at the N-terminus contains 13-17 primarily basic amino acids and binds to the hexanucleotide E-box DNA motif CANNTG, where N corresponds to any nucleotide (Toledo-Ortiz et al. 2003) . The HLH region comprises two amphiphatic a-helices, and proteins containing the HLH motif often form homo-or heterodimers with other bHLH proteins, which is a prerequisite for DNA recognition and contributes to DNA binding specificity. The bHLH proteins can be classified into two categories based on their DNA binding activity: DNA-binding and non-DNA-binding bHLH proteins. In general, it is known that DNA-binding bHLH proteins bind to the E-box and regulate cell type-and tissue-specific gene expression, whereas non-DNA-binding proteins bind to bHLH proteins and interfere with their DNA binding activities (Massari and Murre 2000) .
Recent studies have shown that HLH/bHLH family proteins are actively involved in control of BR signaling and BR's interaction with other signaling pathways. BZR1 and BES1 have atypical bHLH DNA-binding domains, and BES1 interacts with BES1-INTERACTING MYC-LIKE proteins (BIMs), another family of bHLH proteins, to bind synergistically to the E-boxes that are present in multiple BR-responding genes (Yin et al. 2005) . BZR1 binds to PHYTOCHROME INTERACTING FACTOR 4 (PIF4) to control BR, temperature and light signaling pathways by co-ordinately regulating the PACLOBTRAZOL RESISTANCE (PRE) family of HLH transcription factors that are required for promoting cell elongation (Oh et al. 2012) . Promotion of hypocotyl cell elongation, co-ordinated by gibberellin-BR-light signaling pathways and orchestrated by their DELLA-BZR1-PIF4 module, requires a downstream tripartite HLH/bHLH module consisting of non-DNAbinding HLH factors that antagonistically control many DNA-binding bHLH factors (Bai et al. 2012b ). PHYTOCHROME RAPIDLY REGULATED 1 (PAR1) binds to a group of bHLH family of BR-ENHANCED EXPRESSION 2 (BEE2) and BIM1 to reduce their DNA binding activity to the G-box motif (CACGTG), and the reduction in both BEE and BIM activities resulted in dwarf rosettes and attenuated shade avoid responses (Cifuentes-Esquivel et al. 2013) .
ACTIVATION-TAGGED BRI1-SUPPRESSOR 1 (ATBS1) is an atypical bHLH protein that rescues a dwarf phenotype of the BR receptor mutant bri1-301 ). ATBS1-INTERACTING FACTOR 1 (AIF1), another atypical bHLH protein, was first identified as an ATBS1-sequestering negative regulator of the BR signaling pathway. AIF1 was also identified as a BIN2-interacting protein in yeast two-hybrid screen and was shown to be phosphorylated by BIN2 in an in vitro kinase assay. Other AIFs, AIF2-AIF4, were identified by amino acid sequence analysis for similarity and shown to interact with ATBS1, PRE1, ACTIVATORS OF CELL ELOGATION (ACE1) and SHORT ROOT IN SALT MEDIUM 1 (RSA1) , Guan et al. 2013 , Ikeda et al. 2013 . Overexpression of AIFs resulted in dwarf plants in the wild type and in the atbs1-D bri1-301 genetic background , Ikeda et al. 2013 . It was proposed that BR regulation of cell elongation is mediated by balancing activity between multiple members of the PREs and HOMOLOG of BEE2 INTERACTING WITH IBH1 (HBI1), promoting cell elongation, and AIFs and ILI1 BINDING bHLH PROTEIN 1 (IBH1), inhibiting the growth by sequestering HBI1 binding to the promoters of EXP1 and EXP8 (Bai et al. 2012a) . However, it is still unclear how BRs control AIFs activities and deviate the BR-negative signaling pathway driven by the BIN2/ AIFs module. In this study, we found that BR-induced transcriptional repression and protein degradation negatively regulated AIF2 transcription factor, abolishing the BIN2/AIF2-mediated negative circuit and, at the same time, enforcing the BZR1/BES1-mediated positive circuit of BR signaling pathways.
Results
AIF2 specifically interacts with BIN2 and its homolog in yeasts and tobacco BIN2/ATSK21 is a GSK3-like serine/threonine protein kinase that phosphorylates many different signaling molecules, controlling their protein stability (Belkhadir and Jaillais 2013) . In BR signaling pathways, BIN2 phosphorylates BZR1/BES1 positive regulators and induces their degradation or excludes them from the nucleus, providing a negative circuit of the signaling pathway. As an initial step to understand this BIN2 negative circuit further, we screened an Arabidopsis cDNA library to identify potential BIN2-binding proteins, using BIN2 as bait in a yeast two-hybrid assay. Among the positive clones identified, there were three overlapping cDNA clones encoding a transcription factor (AT3g06590) containing a typical bHLH domain, known as ATBS1-INTERACTING FACTOR 2 (AIF2) protein ).
AIF2 specifically interacted with BIN2/SK21 and its known homolog, ATSK12 (Fig. 1A ), but not with other known BR signaling components such as BRI1, BAK1, CDG1, BSU1, BZR1 and BES1. These specific interactions of AIF2 with BIN2 and its homolog were also confirmed in tobacco leaves by showing that transient co-expression of the N-terminal yellow fluorescent protein (YFP)-tagged AIF2 (AIF2-nYFP) and the C-terminal YFP-tagged BIN2 (BIN2-cYFP) or ATSK12 (SK12-cYFP) resulted in a YFP fluorescence signal in the nucleus of epidermal cells (Fig. 1B) . In contrast, negative control pairs such as AIF2-nYFP/pVec-cYFP gave no YFP signal, whereas an interactionpositive control pair, BZR1-nYFP/BIN2-cYFP, showed a similar green fluorescent protein (GFP) signal. Consistent with our yeast two-hybrid and the tobacco bimolecular fluorescence complementation (BiFC) assays, co-immunoprecipitation assays showed that BIN2 interacts with AIF2 protein in planta (Fig. 1C) .
We determined cladistic relationships among 13 other known BR signaling-regulated bHLH transcription factors such as BZR1/BES1, BZR1/BES1 HOMOLOGs (BEHs), BIMs and AIFs by performing a phylogenetic analysis (Fig. 1D) . We found that a group of BZR1/BES1, BEHs and BIMs forms a monophyletic group. Within this monophyletic group, two clades are divided: the first clade containing BZR1/BES1 and their homologs (BEHs) and the second clade including BES1-interacting BIMs. AIFs have a monophyletic sister group relationship with those clades covering BZR1/BES1, BEHs and BIMs. Based on this analysis, we concluded that the AIFs protein family may have different structural properties from the In planta co-immunoprecipitation assays of BIN2-interacting proteins. MYCtagged BIN2 and NYFP-tagged BZR1 and AIF2 were transiently expressed in tobacco leaves, and BIN2-MYC and its binding proteins were coimmunoprecipitated from total protein crude extracts. Anti-MYC antibodies and anti-GFP antibodies were used to detect the precipitated BIN2-and NYFP-fused proteins, respectively. (D) Phylogenetic relationship of AIFs and bHLH transcription factors involved in BR-regulated signaling pathways. Amino acid sequences were aligned using the MEGA 5.05 ClustalW program, and a phylogenetic clade was constructed by the Neighbor-Joining method based on P-distance.
BZR1/BES1 and their interacting proteins. In facts, it has been suggested by sequence analysis that AIFs are atypical non-DNAbinding HLH proteins ) while BZR1/BES1, BEHs and BIMs are DNA-binding bHLH transcription factors (He et al. 2005 , Yin et al. 2005 .
Transcript reduction of growth-promoting genes in AIF2-overexpressing plants, p35S::AIF2-EGFP, results in severely dwarfed plants, a typical phenotype of BR biosynthetic-or signalingdefective plants
Previously, it was shown that overexpression of the AIF family resulted in a dwarf plant, suggesting that AIFs may act as negative regulators of cell elongation , Ikeda et al. 2013 . Nonetheless, it is not clear how AIF2 is involved in suppressing growth or how BR regulates AIF2 to return to normal growth. To dissect further the BIN2/AIF2-mediated negative circuit regulating cell elongation, we generated transgenic plants ectopically expressing AIF2 fused to the EGFP (p35S::AIF2-EGFP, AIF2OX lines). Based on Western blot analysis using anti-GFP antibodies, we confirmed that lines AIF2OX-1-AIF2OX-4 ectopically overexpressed AIF2-fused transgenic proteins, ranging from low to high levels compared with the Columbia wild-type (Col-0) control ( Fig. 2A) . Ectopic expression (approximately 6.8-fold higher expression) of AIF2 transcripts was also confirmed with the p35S::AIF2-EGFP-1 line (Fig. 2B) . In comparison, transcript expression of CPD and DET2 was not significantly changed in the AIF2OX plants. In addition, AIF2 expression was significantly reduced in an AIF2 T-DNA knock-out line, aif2-1 (CS811405). These results indicate that the dwarf phenotype observed in the AIF2OX line was due to the overexpression of AIF2 protein, and was not related to the transcriptional reduction in BR biosynthetic genes, CPD and DET2. Overexpression of AIF2 resulted in a striking aerial dwarf phenotype as reported previously, and the level of severity of these phenotypes was correlated with the abundance of AIF2 protein: the more expression, the more severe the dwarfism. Drastic dwarfism, wrinkled and small leaves with dark green color, and a short petiole and siliques are typical aerial phenotypes found in BR signaling-or biosynthetic-defective mutants, such as bri1-5 and det2 (Chory et al. 1991 , Noguchi et al. 1999 . We observed that AIF2OX-1 line plants showed similar dwarf and dark-green leaf phenotypes (Fig. 2C) , and that their leaf size was dramatically reduced both in length and in width, compared with the Col-0 and aif2-1 plants (Fig. 2D) . Consistent with the phenotype, transcript levels of growth-promoting genes such as PRE1 (Ikeda et al. 2012 ) and cell wall biosynthesis and modifying enzymes (XTH4, EXPL2 and EXP8; Rose et al. 2002 , Li et al. 2003 were significantly decreased in the p35S::AIF2-EGFP plants. In contrast, they were up-regulated in aif2-1 plants (Fig. 2E ). Similarly, the transcript level of IBH1 (a growth-suppressing gene; Zhang et al, 2009 ) was regulated in the opposite way. Interestingly, treatments with BR or bikinin (BK; a GSK inhibitor inhibiting BIN2 kinase; De Rybel et al. 2009) of the AIF2OX plants significantly increased the transcript levels of growth-promoting PRE1, EXPL2 and EXP8 genes compared with the mock-treated AIF2OX plants, thus partly negating the gene suppression effects observed in AIF2-overexpressing plants. BZR1 and BES1 transcription factors have previously been shown to regulate the expression of those growth-promoting genes positively (Sun et al. 2010 , Yu et al. 2011 ). These results, together with the facts that AIF2 interacts with BIN2 and its homolog, suggest that AIF2 could be an important negative regulator of the growth-promoting BR signaling pathway, thus augmenting the BIN2-mediated negative circuit of growth regulation.
AIF2 renders plants hyposensitive to BR-induced root growth inhibition, but shows little effect on BR-promoted hypocotyl elongation
Roots are a major source of BRs and, thus, these steroid hormones may play important roles in root growth and development (Shimada et al. 2003) . BRs regulate root growth in a concentration-dependent manner: they promote root growth at low concentrations and inhibit it at high concentrations ). There have been many reports demonstrating that BZR1/BES1-mediated BR regulation of root stem cell maintenance and differentiation controls the resulting root growth and development (Gonzalez-Garcia et al. 2011 , Lee et al. 2015 . In our root growth inhibition assay, Col-0 and aif2-1 plants growing in a medium containing 10 -10 M brassinolide (BL; a BR) showed reduced root growth by 38-45%, and increasing BR levels further retarded root growth in a concentration-dependent manner (Fig. 3A) . Ectopic expression of AIF2 (p35S::AIF2-EGFP) resulted in shorter primary roots [their length reached about 70% that of Col-0 plants at 10 days after germination (DAG)]. Notably for the AIF2OX plants, this root growth inhibition shown in BR-treated Col-0 plants was greatly attenuated such that 10 -10 M BL did not inhibit their root growth and 10 -8 M BL was needed to reduce the root growth by 50% compared with the untreated mock control. These results indicate that overexpression of AIF2 renders the roots of plants less sensitive to BR inhibition.
Brassinazole (BRZ), a BR biosynthesis inhibitor, inhibited growth of hypocotyls in Arabidopsis, and this retarded growth was recovered by exogenously treated BRs (Asami et al. 2000) . Transgenic plants overexpressing BRI1 and BAK1 were more sensitive to BR compared with the wild type, and both showed resistance against BRZ treatment (Wang et al. 2001) . We found that the dark-grown AIF2OX seedlings showed no significant sensitivity difference in the BRZ-induced inhibition of hypocotyl growth compared with the Col-0 wild type and the aif2-1 (Fig. 3B) ) further inhibited the hypocotyl elongation (Fig. 3C) . Interestingly, the weak lightgrown AIF2OX seedlings, similarly to the dark-grown seedlings, showed no significant sensitivity difference in the BRZ-induced inhibition of hypocotyl growth compared with the Col-0 wild type and aif2-1. This result implies that, unlike its involvement in root regulation, the AIF2-mediated signaling pathway may not play an important role in BR-promoted hypocotyl elongation. Consistent with this differential regulation of growth in roots and hypocotyls, the AIF2 gene assessed using pAIF2::AIF2-GUS reporter plants showed high expression in the elongation/ differentiation zone (zone II and upper part of III) of roots of light-grown seedlings, but much lower expression in the hypocotyl area (zone I) and in meristematic root apex (lower part of zone III) (Fig. 3C) . A similar expression pattern was observed in dark-grown seedlings where relatively higher expression was detected in the root area (zone VI) compared with the hypocotyl (zone V).
BZR1 directly binds to an E-box/BRRE-containing AIF2 promoter and BRI1/BZR1-mediated BR signaling pathways transcriptionally downregulate AIF2 gene expression BR/BRI1-mediated growth-promoting signaling pathways are positively regulated via BZR1/BES1-induced signaling events, and they are antagonistically balanced through negative signaling steps mediated by BIN2 and other transcription factors (Belkhadir and Jaillais 2015) . In recent years, extensive light/hormonal crosstalk acting at the level of BIN2 and BZR1/BES1 has been well documented to occur between BR and other signaling pathways (Wang et al. 2014) . To determine whether the BRI1/BZR1-mediated signal transduction pathways influence the AIF2 transcript level, we first examined the effect of treatment with increasing concentrations of BL. We found that BL treatment significantly decreased AIF2 transcript levels in a concentrationdependent manner (Fig. 4A) . This BR-dependent down-regulation of the AIF2 transcript level was also confirmed by the observation that a short treatment (2 h) with BRZ (a BR biosynthetic inhibitor) of the Col-0 plants dramatically facilitated AIF2 transcript accumulation while treatment with BK (a BIN2 inhibitor) acted oppositely, thus mimicking BR treatment (Fig. 4B) . Likewise, the AIF2 transcript level was higher in the BR signaling-defective loss-of-function mutant, bri1-116 and slightly lower in the BR signaling gain-of-function mutant, bzr1-1D Seedlings were grown on half-strength MS medium in the presence or absence of the indicated concentration of BRZ for 7 DAG. Lengths of light-grown roots (A) and the dark-grown hypocotyls (B) were normalized as a ratio of the untreated mock control, and for light-grown hypocotyls (C) as a ratio of the weak light-grown mock control, which was set to 100%. (D) Tissue-dependent expression of the AIF2 gene in pAIF2::AIF2-GUS reporter seedlings. Seedlings were grown on half-strength MS medium for 7 DAG to examine AIF2 expression determined by the GUS activity. The green-stained area of tissues indicates where the AIF2 gene was expressed. The scale bar indicates 50 mm in length. I, hypocotyl; II, elongation/differentiation zone of roots; III, meristem/elongation zone of roots; IV, junction between cotyledons and hypocotyl; V, hypocotyl; VI, elongation zone of roots. (Fig. 4C) . Interestingly, genetic introduction of bzr1-1D to bri1-116 (bri1-116/bzr1-1D double mutant) abolished this enhanced accumulation of AIF2 in the bri1-116 background, suggesting that BRI1/BZR1-mediated BR signaling pathways negatively downregulate AIF2 accumulation. Since BRs regulate AIF2 transcript level in a BZR1-dependent manner in our system, we tested whether BZR1 binds to the promoter of AIF2 gene in vivo by performing chromatin immunoprecipitation-quantitaive PCR (ChIP-qPCR) analysis using pBZR1::BZR1-EGFP plants. We found that AIF2 contains at least one BZR1-binding motif in its promoter region (B region in this report) (Fig. 4D) . Taken together, BRs transcriptionally down-regulate AIF2 gene expression and this down-regulation is tightly controlled by the BRI1/BZR1-mediated signaling pathway.
BRs induce dephosphorylation of AIF2 protein, leading to proteasome-mediated protein degradation
Our results thus far showed that BIN2-interacting AIF2 functions as a negative regulator for the BR-induced growth signaling pathway, and BRs control its transcript levels through transcriptional down-regulation (Fig. 4) . It has been reported that the BR signaling pathway inactivates BIN2 by dephosphorylating a conserved phosphor-tyrosine residue (pTyr200) of BIN2 (Kim et al. 2011) , and BR specifically induced proteasome-mediated BIN2 degradation while other hormones showed no effect (Peng et al. 2008) . We thus addressed the question of whether AIF2 protein stability is also negatively regulated by a functional BR signaling pathway using p35S::AIF2-EGFP plants for tests. Interestingly, increasing concentrations (10 -11 M to 10 -9 M) of BL supplied in half-strength Murashige and Skoog (MS) medium for 20 DAG gradually decreased the level of AIF2 proteins accumulated compared with the non-treated mock control (Fig. 5A) . Treatment of the BL-treated plants with MG132 (50 mM), a proteasome inhibitor (Rock et al. 1994) , recovered the AIF2 level to that of the untreated mock control or more (Fig. 5B) , which implies that BRs may control AIF2 stability in part at a posttranslational level in addition to the above-mentioned transcriptional level. The similar reduction effect by BL and the recovery by MG132 were observed in plants treated at the same times for 2 h by the chemicals (Fig. 5C) . BR-induced AIF2 depletion was again confirmed by showing that a treatment of the AIF2OX plants with BK (a BIN2 inhibitor) successfully decreased the AIF2 level, mimicking the BL-treated plants, while the treatment with BRZ (a BR biosynthetic inhibitor) recovered the AIF2 level to that of the untreated mock control or more, mimicking the AIF2OX plants simultaneously treated with BL and MG132. Based on these observations, we concluded that BRs and BR-regulated signaling pathways direct proteasome-mediated AIF2 degradation, thus suppressing AIF2 accumulation in cells. We tested whether other plant hormones could induce a similar AIF2 degradation. Interestingly, AIF2 degradation was greatly induced by BR and ABA, but relatively slightly by other hormones such as auxin (2,4-D), gibberellin (GA 3 ), cytokinin [benzoic acid (6-BA)] and ethylene [1-aminocyclopropane-1-carboxylic acid (ACC)], an ethylene precursor) (Fig. 5D) . 1 mM) . The CPD gene was used as an example of a known BR-repressed gene (He et al. 2005 ). (C) AIF2 expression in plants with diverse BR-related genetic backgrounds. Seedlings grown on half-strength MS medium for 20 DAG were collected and total RNAs were isolated to measure AIF2 gene expression. Transcript levels in (A-C) were determined by qRT-PCR analysis. (D) ChIP-qPCR assay of the BZR1-binding cis-motif of the AIF2 gene. EGFP-fused BZR1-bound chromatin DNA fragments were isolated from seedlings of a 4-week-old Col-0 and pBZR1::BZR1-EGFP plants and quantitative PCR analysis were performed with the primer sets listed in Supplementary Table S3 as described in the Materials and Methods. The AIF2 primer set amplifies regions of the promoter simplified in Supplementary Fig. S1 containing the BZR1-binding BRRE sequence (5 0 -CGTGT/CG-3 0 , He et al. 2005) and the E-box (5 0 -CANNTG-3 0 , Yin et al. 2005) . The promoter of the PP2A gene was used as a negative control for the BZR1-binding motif. Relative expression of AIF2, CPD or BZR1 binding to promoters was normalized either to that of untreated mock control (A, B) or to that of Col-0 plants (C, D), which was set to 1.0. Bar graphs represent means ± SD, and asterisks indicate a statistical difference from either the Col-0 control or untreated mock control at *P < 0.05 and **P < 0.01.
The BR signaling pathway induces dephosphorylation of BIN2 through either the CDG1-or BSK1-medated pathway, and thus inactivates BIN2 (Kim et al. 2009 , Kim et al. 2011 . We demonstrated that AIF2 interacted with BIN2 or its homolog, ATSK12 (Fig. 1A) . Based on these observations, it is logical to test whether BRs modulate the phosphorylation status of AIF2 and whether this alteration results in the BR-induced AIF2 degradation. We assessed the phosphorylation status of AIF2 using 2D SDS-PAGE separation and observing the change in location of AIF2 during isoelectric focusing (IEF). Interestingly, BL treatment of AIF2OX plants induced AIF2 protein to migrate toward the basic area (toward pH 10) of the IEF strip (Fig. 5E) . This implies that BL treatment causes AIF2 protein to become more acidic compared with the untreated mock control. In contrast, BRZ treatment shifted the location of AIF2 toward the more acidic area (toward pH 3) of the strip, which means that a deficiency of BRs in plants renders AIF2 more basic. We found that electrophoretic migration of the BRZ-treated AIF2 protein toward the more acidic area was reversed to migration toward the more basic area by LiCl (a specific GSK3 kinase inhibitor; Peng et al. 2008) and BK treatments, which resemble BL-treated AIF2 protein migration. Post-translational modifications of hormone-responsive transcription factors such as by phosphorylation/dephosphorylation can affect protein stability, subcellular localization, interaction with co-repressors and activators, and DNA binding efficiency (Lee et al. 2008 , Hill 2015 . Phosphorylation of proteins makes them more basic, causing the phosphorylated forms of proteins to migrate toward the more acidic area on an IEF strip. Our results then indicate that the BR signaling pathway leads to dephosphorylation of AIF2, probably through BSU1-driven dephosphorylation of BIN2. Next, we tested whether this dephosphorylation of AIF2 results in BR-induced and proteasome-mediated AIF2 depletion. As expected, treatments with BL or BK inducing AIF2 dephosphorylation inhibited AIF2 accumulation in cells, and MG132 reversed this BR effect (Fig. 5F ). Okadaic acid (OA) is an inhibitor of phosphoprotein phosphatases (Bialojan and Takai 1988 ), thus we expect that AIF2 proteins in OA-treated p35S::AIF2-EGFP seedlings remain in their phosphorylated form. Interestingly, treatment with OA prevented AIF2 proteins from degradation regardless of the presence of BL or BK. Collectively, we conclude that BRs direct AIF2 dephosphorylation, rendering the protein labile to proteasome-dependent protein degradation. Similarly, the BIN2-directed phosphorylated form of AIF2 may function as an active form of an AIF2 negative regulator in BIN2-mediated negative BR signaling pathways.
Discussion
BR/BRI1-mediated growth-promoting signaling pathways are positively regulated via BZR1/BES1-mediated signaling events, and they are antagonistically balanced with negative signaling modules transmitted through BIN2 and other transcription factors. BIN2 interacts with many signaling molecules and controls their activities and protein stability (Belkhadir and Jaillais 2015) . Effects of brassinosteroid and its activity-regulating chemicals on AIF2 protein levels in p35S::AIF2-EGFP seedlings, determined by Western blot analysis probing against anti-GFP antibodies. (A) Effects of different concentrations of BL on the AIF2 levels. Total protein extracts were isolated from seedlings grown for 20 DAG on BR-containing half-strength MS medium to detect AIF2-GFP protein after size fractionation by 12% SDS-PAGE. (B) Effects of MG132 on BR-regulated AIF2 levels. Seedlings grown for 20 DAG on BR-containing half-strength MS medium were treated with MG132 (50 mM) for 2 h and total proteins were obtained for detection of AIF2-EGFP. (C-F) Effects of BR activity-regulating chemicals and plant hormones on the AIF2 levels. Seedlings grown for 20 DAG on half-strength MS medium were treated with diverse chemicals for 2 h and total proteins were isolated for detection of AIF2-EGFP after protein separation by either 12% SDS-PAGE (C, D and F) or 2D SDS-PAGE (E). AIF2-EGFP protein was detected as described in Fig. 2A . Ponceau S staining was used as a protein loading control. Protein abundance of AIF2 was normalized against the intensity of Ponceau S (WB/PS ratio). The results were reported as the ratio of the untreated mock control of p35S::AIF2-EGFP plants, which was set to 1. For treatments in (C-F), BL (1 nM), 2,4-D (5 mM), GA 3 (10 mM), 6-BA (1 mM), ACC (5 mM), ABA (50 mM), BRZ (2 mM), BK (0.1 mM), MG132 (50 mM), OA (0.1 mM) and LiCl (10 mM) were used.
Interestingly, BIN2 phosphorylation of signaling molecules results in opposite outcomes regarding the target protein stability: HOMEODOMAIN-LEUCINE ZIPPER PROTEIN 1 (HAT1) and ABSCISIC ACID INSENSITIVE 5 (ABI5) proteins were stabilized by BIN2 phosphorylation (Hu and Yu 2014, Zhang et al. 2014) , while the phosphorylated forms of PIF4 and SPEECHLESS (SPCH) were subjected to proteasome-mediated degradation (Gudesblat et al. 2012 , Bernardo-Gracía et al. 2014 . Similarly, our data showed that AIF2 phosphorylation by BIN2 caused it to be resistant to the BR-induced degradation, while BIN2-mediated BZR1/BES1 phosphorylation subjects them to degradation. BR signaling pathways share some mechanistic similarities to the animal Wnt signaling pathways (Yin et al. 2002) , where opposite roles of phosphorylation on protein stability have been reported in which GSK3-mediated phosphorylation destabilizes b-catenin (functional analog of BZR1/BES1) and stabilizes axin, a scaffolding protein facilitating the phosphorylation of b-catenin by GSK3 and leading the protein into degradation (Tacchelly-Benites et al. 2013) .
Positive BR signaling pathways transducing through BRI1/ BAK1, CDG1/BSK1, BSU1 and BZR1/BES1 and their binding transcription factors are well documented (Belkhadir and Jaillais 2015) . However, BIN2-mediated negative signaling module(s) balancing the BZR1/BES1-mediated pathways are not well understood. Active BIN2 interacts with and phosphorylates BZR1/BES1 and subjects them to degradation or exclusion from the nucleus. MYELOBLASTOSIS FAMILY TRANSCRIPTION FACTOR-LIKE 2 (MYBL2) and HAT1 interacted with BES1 and acted as a co-repressor of BES1 in downregulating BR-repressed gene expression (Ye et al. 2012 , Zhang et al. 2014 . Interestingly, the phosphorylated MYBL2 and HAT1 produced by BIN2 action were stable in the absence of BL, opposite to the case for BZR1 and BES1. Nonetheless, it was not clear how the BR-induced BIN2 degradation and the resulting BES1 activation (Peng et al. 2008) can co-ordinate with the BR-induced MYBL2 and HAT1 dephosphorylation and the following degradation to regulate the BR-responsive gene suppression co-ordinately. Unlike MYBL2 and HAT1, our results showed that AIF2 did not act by directly interacting with BZR1/BES1. Therefore, we conclude that BIN2-driven AIF2 phosphorylation, independent of BIN2 regulation on BZR1/ BES1 stability, augments the BIN2/AIF2-mediated negative circuit of BR signaling pathways, and the BR-induced transcriptional repression and dephosphorylation-dependent protein degradation negatively regulate the AIF2 transcription factor, reinforcing the BZR1/BES1-mediated positive BR signaling pathway (Fig. 6) .
AIF2 protein belongs to an atypical non-DNA-binding bHLH protein family and, in general, DNA-binding bHLH proteins bind to the E-box and regulate cell type-and tissue-specific gene expression, whereas non-DNA-binding proteins such as AIF2 bind to these DNA-binding bHLH proteins and modulate their DNA binding activities (Massari and Murre 2000) . Therefore, it will be necessary to identify AIF2-binding bHLH proteins to clarify how BIN2/AIF2-mediated action is transmitted to the downstream regulation of growth-regulating genes. HBI1 and ACE1 (typical DNA-binding bHLH proteins) directly bind to the E-box and/or G-box of EXP1 and EXP8 promoters (Bai et al. 2012a , Ikeda et al. 2012 ). IBH1, a non-DNA-binding transcriptional repressor, interacted with HBI1 and ACE1, and inhibited their DNA binding activities, resulting in growth retardation. PRE1 sequestered IBH1 from these transcriptional activators and restored their growth-promoting and DNA binding activities, forming a chain of antagonistic switches that regulates cell elongation downstream of multiple external and hormonal signals. We have shown that growth-promoting PRE1, XTH4, EXPL2 and EXP8 were down-regulated in AIF2OX plants, and a growth-inhibiting IBH1 was up-regulated. It was also reported that BZR1/BES1 binds to the IBH1 promoter to repress its expression (Zhang et al. 2009 ). Interestingly, overexpression or RNA interference (RNAi) silencing of AIF1 had little effect on the phosphorylation status of BES1 ). Thus it is reasonable to propose that a growth-inhibiting BIN2/AIF2 module, without an effect on BZR1/BES1 activities, communicates with other transcription factor(s) to down-regulate or up-regulate transcriptionally PRE1 and IBH1, respectively. AIF2 interacted with PRE1 and ACE1, determined by yeast two-hybrid assay, and the authors suggested the possibility that AIFs acts as PRE1-interacting transcriptional repressors, the way IBH1 does for HBI1 (Ikeda et al. 2013) . Therefore, it is also probable that protein-protein interactions among AIF2 and other bHLH proteins forming an antagonistic triple HLH/ bHLH system adds another level of growth inhibition exerted by the overexpression of AIF2 protein. Further studies clarifying and molecularly dissecting effects of growth-regulating stimuli Fig. 6 A diagram explaining BIN2/AIF2-mediated growth inhibition and BR-regulated growth promotion. BIN2-driven AIF2 phosphorylation, independent of BIN2 regulation of BZR1/BES1 stability, augments the BIN2-mediated negative circuit of BR signaling pathways. The phosphorylated AIF2 may interfere with growth-promoting bHLH transcription factors (TFs), thus resulting in growth retardation. BRactivated BZR1 transcriptionally down-regulates AIF2 gene expression by directly binding to an E-box/BRRE-containing AIF2 promoter. Both BR-induced transcriptional repression and dephosphorylation-dependent protein degradation negatively regulate AIF2 transcription factor, reinforcing the BZR1/BES1-mediated positive BR signaling pathway. BRRE, BR response element; P, phosphorylation.
such as light and hormone on regulation of transcription and interaction will provide a better understanding about how AIF2 and other bHLH transcription factors including PRE1 and ACE1 work co-operatively to balance environmentally controlled plant growth and development.
Materials and Methods

Plant materials and growth conditions
Wild-type Arabidopsis thaliana (Columbia), brassinosteroid-related mutants (det2, bri1-116, bri1-116/bzr1-D and bzr1-D), brassinosteroid signaling-defective bri1-5 plants (Enkheim-2 background), AIF2 T-DNA knockout plant (aif2-1, CS811403), a promoter-driven reporter plant pAIF2::AIF2-GUS, and the AIF2-overexpressing p35S::AIF2-EGFP transgenic plants (AIF2OX) were used for gene expression and root/leaf/hypocotyl phenotype analysis in this study. pBZR1::BZR1-EGFP seeds were kindly provided by Dr. Z.Y. Wang, at Carnegie Institution for Science, USA and used for ChIP-qPCR analysis (Fig. 4D) .
Seeds were surface-sterilized by washing them with 70% ethanol/0.1% Triton X-100 for 20 min, 70% ethanol for 10 min and 95% ethanol for 10 min. Seeds were then dried on a clean bench and cold-treated in the dark at 4 C for 72 h. These sterilized seeds were then sown on 1/2 MS agar medium containing 0.8% phytoagar (pH 5.7) in the presence or absence of the indicated chemicals in each experiment. For experiments examining transgenic expression of AIF2 ( Fig. 2A, B ) or total darkness to analyze the hypocotyl phenotype (Fig. 3) .
Generation of transgenic plants
To generate AIF2-EGFP overexpression plants (p35S::AIF2-EGFP, AIF2OX), the full-length genomic DNA of the AIF2 coding region was PCR-amplified from Col-0 plants and subsequently subcloned into the upstream region of the GFPexpressing binary vector pB7FWG2 (Karimi et al. 2002; Supplementary Table S1) , according to instructions for a Gateway cloning system (Invitrogen). This construct ectopically expresses the fusion protein under the control of the Caulifower mosaic virus (CaMV) 35S promoter.
To build a promoter-driven reporter construct of AIF2 (pAIF2::AIF2-GUS), a part of genomic DNA containing the AIF2 coding region and the upstream 3,986 bp was PCR-amplified and subcloned into the upstream region of the Gateway-compatible b-glucuronidase (GUS)-expressing binary vector pGWB3 (Nakagawa et al. 2007 ). All binary vector constructs were transformed into Agrobacterium tumefaciens GV3101 and then introduced into A. thaliana using the floral dipping method (Clough and Bent 1998) .
T 1 seeds from primary transformants were screened on half-strength MS solid medium containing either 6 mg ml -1 glufosinate (Basta) (for p35S::AIF2-EGFP) or 50 mg ml -1 kanamycin (for pAIF2::AIF2-GUS) to select for transgenic progeny. The transformation was verified by genotype analysis, and T 3 homozygous seeds were used for all experiments.
Chemicals
BL, BRZ and BK were purchased from Duchefa. Growth media used in the in vivo yeast two-hybrid assay were obtained from Clontech. MG132 and 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid (X-Gluc) were acquired from Enzo Life Science and MB Cell, respectively. All other chemicals used in this report were purchased from Sigma-Aldrich unless otherwise indicated.
In vivo interaction tests in yeast
All procedures for yeast transformation and protein interaction test were performed according to Clontech's Yeast Protocols Handbook (PT3024-1) using pGBKT7 as the GAL4 DNA-binding domain vector, and pGADT7 or pACT2 as the GAL4 DNA activation vector (Clontech).
To test interactions between AIF2 and other known BR signaling components, a full-length cDNA encoding the AIF2 coding region was PCR-amplified and subsequently subcloned into pGBKT7 to generate the AIF2-pGBKT7 construct. Other cDNAs encoding the kinase domain of BRI1 (At4g39400; BRI1KD) and BAK1 (AT4g33430; BAK1KD), and the full coding region of CDG1 (At3g26940), BSU1 (AT1g03445), BZR1 (AT1g75080), BES1 (At1g19350), BIN2/SK12 (AT4g18710) and ATSK12 (At3g05840; a BIN2 homolog) were subcloned into pGADT7 or pACT2 to generate test constructs (Supplementary Table S1 ). Each test combination of constructs was co-transformed into AH109 yeast cells pre-conditioned with TE/LiAc solution (10 mM Tris-HCl/ 1 mM EDTA/ 0.1 M lithium acetate, pH 7.5). Co-transformed yeast with equal density, determined by measuring the optical density at 600 nm, were then spotted on either a yeast drop-out medium lacking leucine and tryptophan or a medium lacking leucine, tryptophan and histidine in the presence of 0.5 mM 3-aminotriazole (AT) to test interactions.
Transient expression and BiFC assay in tobacco
Interaction of proteins in planta was examined as previously described with minor modifications (Walter et al. 2004) . In brief, full-length genomic DNAs encoding AIF2, ATSK12 and BIN2 were amplified from Col-0 plants cloned into two Gateway-compatible binary vectors, pPZP312-nYFP or pPZP312-cYFP in fusion with the N-terminal half (YFP N ) or the C-terminal half (YFP C ) of YFP, respectively (Gampala et al. 2007 ; Supplementary Table S1 ). For in planta interaction assay, A. tumefaciens GV301 carrying the CaMV 35S promoterdriven BiFC binary expression constructs was infiltrated into the underside of 2-to 4-week-old tobacco leaves. Epidermal cell layers were then assayed for fluorescence 36-48 h after the infiltration using A Zeiss LSM 510 Meta NLO-UV confocal laser scanning microscope.
Co-immunoprecipitation assays
To test in planta interaction of proteins by co-immunoprecipitation assays, A. tumefaciens GV301 carrying p35S::BIN2-MYC (kindly provided by Dr. T.-W. Kim at Hanyang University, South Korea) and the BiFC binary expression constructs (pVec-NYFP, 35S::BZR1-NYFP or 35S::AIF2-NYFP) was co-infiltrated into the underside of 2-to 4-week-old tobacco leaves. Next, total protein extracts were prepared from the infiltrated leaves, and the following immunoprecipitation was carried out using Protein G magnetic beads (Bio-Rad) conjugated to anti-MYC antibodies (Abcam). Co-immunoprecipitated proteins were then separated by 12% SDS-PAGE, and the presence of BIN2-MYC, BZR1-NYFP and AIF2-NYFP proteins was analyzed by immunoblotting with anti-MYC antibodies or anti-GFP antibodies (Santa Cruz), respectively.
Staining and detection of GUS activity
Staining and detection of GUS activity was performed according to the method of Jefferson (1987) , with some modifications. In brief, plants were fixed in 90% acetone for 20 min and infiltrated with staining buffer [0.1 M phosphate (pH 7.0), 10 mM EDTA, 2.5 mM K 4 Fe(CN) 6 Á3H 2 O and 1 mg ml -1 X-Gluc]. The resulting stained plant tissues were then fixed in fixative (50% methanol and 10% acetic acid) and cleared with a solution containing 4 g of chloral hydrate, 1 ml of glycerol and 2 ml of water. The tissues were observed under a microscope (Olympus BX60) equipped with DIC (diffferential interference contrast) optics.
Total RNA isolation and RT-PCR analysis
Total RNAs were isolated from plant tissues using a Plant RNA Extraction Kit (Intron Biotechnology) and then treated with RQ1 RNase-Free DNase (Promega) according to the manufacturer's instructions. To examine semiquantitative RNA expression, the first-strand cDNA was synthesized using a ReverTraAce qPCR RT Master Mix kit (Toyobo) according to the manufacturer's instructions. Quantitative real-time RT-PCR (qRT-PCR) was performed by the SYBR green method using the Applied Biosystems Step One Plus System with appropriate primers described in Supplementary Table S2 . The PCR amplifications were performed as follows: one cycle of 95 C for 10 min; 40 cycles of 95 C for 15 s, 60 C for 30 s and 72 C for 30 s. Expression of each transcript was normalized against the amount of UBC1 control in each sample. The results were reported as the expression relative to the Col-0 control (Figs. 2B, E, 4C, D) or the mock control (Fig. 4A, B) . Three biological replicates were included in each experiment, and the data were statistically analyzed by the Student's t-test.
Protein isolation and Western blot analysis
To examine expression of AIF2-EGFP in p35S::AIF2-EGFP transgenic plants, frozen plant tissues were pulverized using a mortar and pestle and their total proteins were extracted using a homogenization buffer (125 mM Tris-Cl, 4% SDS, 2% b-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride, pH 7.9). The homogenate was centrifuged at 12,000 r.p.m. for 10 min at 4 C and the supernatant was used for size fractionation of total proteins on 12% SDS-PAGE (Figs.  2A, 5A-D, F) and for fractionation by molecular size and isoelectric point of proteins on 2D PAGE (Fig. 5E ). Fractioned total proteins were then transferred onto a nitrocellulose membrane (Whatman) and probed against anti-GFP rabbit polyclonal antibodies (Santa Cruz Biotechnology) in 5% milk/TBST (50 mM Tris-acetate, 150 mM NaCl, 0.05% Tween-20, pH 7.6) for 2 h at room temperature. Goat anti-rabbit horseradish peroxidase (HRP)-conjugated secondary antibody (Abcam) was used to quantify AIF2-EGFP protein. Peroxidase activity was detected using the ECL system (Thermo Fisher Scientific Inc.) according to the manufacturer's instructions.
Two-dimensional PAGE
For the first dimension fractionation of proteins, samples containing 50 mg of total proteins in a homogenization buffer were loaded onto IPG strips (pH 3-10) (GE Healthcare). Strips were then rehydrated overnight at room temperature, and proteins were fractionated by IEF by running them at 100 V for 1 h, 200 V for 1 h, 300 V for 1 h, 1,000 V for 30 min, 5,000 V for 1 h 20 min, followed by 5,000 V for 15 min using a IPGphor isoelectric focusing unit (Amersharm BioSciences). After being run, the strips were equilibrated for 15 min with an equilibration solution (75 mM Tris-HCl pH 8.8, 6 M urea, 30% glycerol, 2% SDS, 0.002% 1% bromophenol blue stock solution, 10 mg ml -1 dithiothreitol). For a second dimensional fractionation by size, the IEF-fractionated strips were loaded onto a 12% SDS-polyacrylamide gel.
ChIP-qPCR assay
ChIP experiments were performed as previously described with minor modifications (Gendrel et al. 2005 ) using the non-transgenic Col-0 wild type and plants expressing native promoter-driven BZR1-GFP (pBZR1::BZR1-EGFP). In brief, light-grown 4-week-old seedlings were cross-linked with 1% formaldehyde and the chromatin DNA fragments (approximately 500 bp in length) were isolated from their nuclei to retrieve BZR1-binding DNA fragments using rabbit polyclonal anti-GFP antibodies (Abcam). The bound DNA fragments were then extracted using the Gel/PCR DNA fragments extraction kit (RBC Bioscience) and the amount of the bound DNAs was measured by performing real-time PCRs with the primer sets listed in Supplementary Table S3 using equal amounts of DNA from the input and the co-immunoprecipitated fractions.
Measurement and statistical analysis
Leaves (Fig. 2D ) of plants grown in soil and roots (Fig. 3A) or hypocotyls (Fig.  3B, C) of plants grown on a half-strength MS agar medium in the presence or absence of the indicated concentrations of BL or BRZ were photographed and their lengths were measured using Image J software (http://rsbweb.nih.gov/ij/). All experiments were done at a minimum in triplicate, and the data were statistically analyzed by the Student's t-test. More than 50 seedlings were used for each biological replicate.
Supplementary data
Supplementary data are available at PCP online. 
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